Human T-cell leukemia virus type 1 (HTLV-1) is associated with a variety of clinical manifestations, including tropical spastic paraparesis or HTLV-1-associated myelopathy (TSP/HAM). Viral detection in the central nervous system (CNS) of TSP/HAM patients demonstrates the ability of HTLV-1 to cross the bloodbrain barrier (BBB). To investigate viral entry into the CNS, rat brain capillary endothelial cells were exposed to human lymphocytes chronically infected by HTLV-1 (MT2), to lymphocytes isolated from a seropositive patient, or to a control lymphoblastoid cell line (CEM). An enhanced adhesion to and migration through brain endothelial cells in vitro was observed with HTLV-1-infected lymphocytes. HTLV-1-infected lymphocytes also induced a twofold increase in the paracellular permeability of the endothelial monolayer. These effects were associated with an increased production of tumor necrosis factor alpha by HTLV-1-infected lymphocytes in the presence of brain endothelial cells. Ultrastructural analysis showed that contact between endothelial cells and HTLV-1-infected lymphocytes resulted in a massive and rapid budding of virions from lymphocytes, followed by their internalization into vesicles by brain endothelial cells and apparent release onto the basolateral side, suggesting that viral particles may cross the BBB using the transcytotic pathway. Our study also demonstrates that cell-cell fusion occurs between HTLV-1-infected lymphocytes and brain endothelial cells, with the latter being susceptible to transient HTLV-1 infection. These aspects may help us to understand the pathogenic mechanisms associated with neurological diseases induced by HTLV-1 infection.
Human T-cell leukemia virus type 1 (HTLV-1) causes a variety of diseases, including a chronic neurological syndrome called either tropical spastic paraparesis or HTLV-1-associated myelopathy (TSP/HAM) (5, 30) . TSP/HAM is a slowly progressive disease, which occurs in less than 5% of HTLV-1 carriers and is characterized by pyramidal tract damage with myelin and axonal loss. The main viral targets are the CD4 ϩ
CD8
Ϫ CD45RO ϩ lymphocytes (33) . In addition, HTLV-1 infects T lymphocytes from nonhuman species, such as the rat (19) . In fact, animal models have proved a useful tool for the study of the neuropathology induced by HTLV-1. An HTLV-1 rat model has been established by the injection of rat or human HTLV-1-producing T-cell lines, such as MT2, leading to the development of TSP/HAM-like symptoms after a long incubation period (22, 40) . The spinal cord lesions are similar to those observed in humans, although massive T-cell infiltration is absent in the rat (22) . However, the pathogenesis of HTLV-1-associated diseases is still poorly understood. A number of viral and host factors, such as viral load and the immune response, are believed to play a major role in disease progression.
Viral tropism is a central point in studies of the pathogenesis of HTLV-1-associated diseases. However, the neurotropism of HTLV-1 has been difficult to establish because of the rarity of autopsy material from patients with TSP/HAM and the low level of HTLV-1 expression in tissues. Some observations suggest the presence of the virus in the central nervous system (CNS) of TSP/HAM patients. Infected T cells (11, 17, 25) , HTLV-1-specific immunoglobulin G (IgG), IgA, and IgM, and cytotoxic T cells (10, 16) have been found in cerebrospinal fluid. In addition, proviral DNA has been observed in the CNS of TSP/HAM patients (1, 20, 21) , which is consistent with the ability of HTLV-1 to cross the blood-brain barrier (BBB). Tight junctions between CNS microvascular endothelial cells that form the BBB constitute the first obstacle to the entry of HTLV-1 into the CNS. Accumulating evidence suggests that endothelial cells play an important role in the pathogenesis of TSP/HAM. Human peripheral endothelial cells are infected by HTLV-1 both in vitro and in vivo (12, 13, 41) . In addition, an increased adherence of T lymphocytes from TSP/HAM patients to human endothelial cells has been observed (14) . Furthermore, the presence of autoantibodies to brain endothelial cells in the sera of patients with TSP/HAM has been reported (44) , suggesting an alteration of endothelial cell function in the neuropathology associated with HTLV-1. The interactions between HTLV-1-infected lymphocytes and brain endothelial cells and/or infection of the latter may lead to BBB damage and thus may be an important step in determining the progression to neurological disease.
Immortalized rat brain endothelial cell lines which retain morphological characteristics of primary brain endothelial cells and expression of specific brain endothelial markers and cell surface adhesion molecules have proved a useful tool for the study of BBB function and pathological conditions (8, 34, 36) . To investigate HTLV-1 entry into the CNS, we studied the interactions between immortalized rat brain endothelial cells, GPNT cells (32) , and human HTLV-1-infected T lymphocytes, as well as the susceptibility of rat brain endothelial cells to viral infection. In this article, we report data consistent with several non-mutually exclusive mechanisms of viral entry into the CNS, including direct passage of infected lymphocytes after disruption of the monolayer integrity, endocytosis of viral particles into vesicles, and transient infection of brain endothelial cells.
MATERIALS AND METHODS

Materials.
Fetal calf serum (FCS) was obtained from Gibco (Paisley, United Kingdom). Mouse tumor necrosis factor alpha (TNF-␣) was obtained from Genzyme (West Malling, United Kingdom). Rat interleukin-1␤ (IL-1␤) was obtained from AMS Biotechnology, Oxford, United Kingdom. Human TNF-␣ and IL-1␤ and mouse anti-human CD11a (LFA-1) monoclonal antibody were obtained from R&D Systems (Abingdon, United Kingdom). Mouse anti-rat intercellular cell adhesion molecule 1 (ICAM-1) (1A29) monoclonal antibody was obtained from Serotec (Oxford, United Kingdom). Mouse anti-CD49d (VLA4) monoclonal antibody was purchased from Immunotech (Marseille, France). The anti-rat vascular cell adhesion molecule-1 (VCAM-1) (5F10) was a generous gift from R. Lobb (Biogen). Fluorescein isothiocyanate (FITC)-conjugated secondary antibodies were obtained from Jackson Immunoresearch (West Grove, Pa.). All other reagents were obtained from Sigma (Fallavier, France), unless otherwise specified.
Cell culture. (i) Endothelial cells. The GPNT cell line was derived from a previously characterized rat brain endothelial cell line (8) . Rat brain endothelial cells were transfected (using Lipofectin) with a vector containing the puromycin resistance gene (pcDNA3-RSVpuro) to aid selection. After repeated limited dilution, a single clone (designated GPNT) was selected on the basis of morphological criteria and retention of BBB characteristics. The GPNT clone has been previously reported to display a more stable phenotype than the parental cells (32) . GPNT cells were cultivated in Ham's F10-alpha minimal essential medium (1:1) supplemented with 2 mM glutamine, 5 g of puromycin per ml, 5 g of insulin per ml, 5 g of transferrin per ml, 5 ng of sodium selenite per ml, 2 ng of recombinant basic fibroblast growth factor per ml, and 10% heatinactivated FCS, in humidified 5% CO 2 -95% air at 37°C. Human umbilical vein endothelial cells (HUVEC) were prepared essentially by the method of Jaffe et al. (18) and cultured on gelatin-coated tissue culture plastic or inserts in medium 199 supplemented with 20% FCS, 30 g of endothelial cell growth factor per ml, 2 mM glutamine, 100 U of penicillin per ml, and 100 g of streptomycin per ml.
(ii) Nonadherent cells. MT2 HTLV-1-producing cells, obtained from the National Institutes of Health Reagent Program, and CH lymphocytes were used as the source of the virus. CH lymphocytes, obtained from a patient with adult T-cell leukemia, were kindly provided by E. Wattel (CHRU Hôpital Huriez, Lille, France). CEM cells, a human HTLV-1-negative T-cell line derived from a patient with acute lymphoblastic leukemia, were used as negative controls. All nonadherent cells were grown in RPMI 1640 medium supplemented with 1 mM glutamine, 10% FCS, and antibiotics. Lymphocytes were adjusted to 10 6 cells/ml 18 h before the onset of each experiment.
T-lymphocyte adhesion to and migration through brain endothelial cells. The adhesion of HTLV-1-infected and control lymphocytes to GPNT cell monolayers was determined as previously described (9) . Lymphocytes were labeled for 60 min at 37°C with 20 Ci of 51 Cr (sodium chromate) per 10 6 cells in 100 l of normal culture medium. A total of 10 5 51 Cr-labeled lymphocytes were added to each well of a 96-well plate (adhesion) or to the upper chamber of TranswellClear inserts (migration) containing confluent GPNT cell monolayers. After 1 h (adhesion) or 18 h (migration) at 37°C, the cells were washed extensively with phosphate-buffered saline (PBS) and attached or migrated lymphocytes were lysed with 1% Triton X-100. Radioactivity was estimated in a ␥-counter (LKB 1282 Compugamma CS). Data were expressed as the percentage of total T lymphocytes that had adhered to or migrated through the monolayer. To study the effect of neutralizing adhesion molecules, lymphocytes or GPNT cells were preincubated for 1 h at 37°C with 10 g of monoclonal antibody to human CD11a (LFA-1) or CD49d (VLA-4) or to rat ICAM-1 or VCAM-1, respectively, per ml and adhesion experiments were performed as described above. An irrelevant isotype-matched antibody was used as a control.
Detection of ICAM-1 and VCAM-1 expression. GPNT cells were seeded at confluent density onto 96-well plates and cultured for 3 days before being used in experiments. Untreated cells or cells treated with cytokines were washed four times in ice-cold Hanks buffered salt solution and fixed with 0.1% glutaraldehyde in PBS for 10 min at room temperature. Aldehydes were subsequently quenched with 50 mM Tris-HCl (pH 7.5) for 20 min at room temperature. Primary antibodies were diluted in 100 l of Hanks buffered salt solution containing 100 g of normal rabbit IgG per ml and 4 mg of bovine serum albumin per ml and incubated with cells for 45 min at 37°C. The cells were washed four times with PBS containing 0.2% Tween 20 (PBST) and incubated with biotinylated antimouse IgG (1:700) (Amersham International, Little Chalfont, United Kingdom) for 45 min at 37°C. The cells were again washed four times with PBST and incubated with streptavidin-horseradish peroxidase (1:700; Amersham) for 45 min at 37°C. The cells were washed four times with PBST and incubated with 100 l of tetramethylbenzidine (0.1 mg/ml)-0.03% H 2 O 2 in citrate-acetate buffer (pH 5) for 10 min. Reactions were stopped by the addition of 50 l 1 M sulfuric acid, and the product was quantitated by measuring the optical density at 450 nm. Control reactions in which primary antibody was omitted were used for all cell lines and found to be negligible.
Flow cytometry. Flow cytometric analysis of cells was performed on a FACScan apparatus (Becton-Dickinson, Oxford, United Kingdom). After being washed in PBS, cells were incubated for 1 h on ice with primary antibodies (20 g/ml) against surface-expressed epitopes followed by a further 1 h with FITCconjugated rabbit anti-mouse IgG F(abЈ) 2 antibody (FITC-RAM) in the presence of 20% FCS. After being washed twice, cells were resuspended in PBS and analyzed. Unstained cells were used to set the parameters, and cells stained with FITC-RAM alone were used to set the background control. Negative control analyses were carried out using isotype-matched irrelevant antibodies in place of the primary antibody.
Brain endothelial cell permeability. The permeability of GPNT and HUVEC monolayers on Transwell-Clear (polyester, 12-mm diameter, 0.4-m pore size; Costar, Brumath, France) was measured as described previously (2, 34) . Briefly, FITC-labeled dextran (70 kDa) (2 mg/ml) in Dulbecco's minimal essential medium (without phenol red) containing 0.1% bovine serum albumin and 10 mM HEPES was added to the upper chamber of inserts with confluent monolayers of GPNT cells. The inserts were transferred sequentially at 5-or 10-min intervals from well to well of a tissue culture plate containing the same volume of medium. The fluorescence which passed through the inserts at each time point was determined using a fluorescence multiwell plate reader (Wallac Victor 1420), and the cleared volume was plotted versus time. Permeability coefficients of the endothelial monolayers (P e ) were then calculated as described previously (2) .
Detection of TNF-␣ and IL-1␤ in culture supernatants. Human TNF-␣ and IL-1␤ were detected using Pelikine Compact enzyme-linked immunosorbent assay (ELISA) kits (CLB, Amsterdam, The Netherlands) as specified by the manufacturer.
Electron microscopy. GPNT cells grown on Transwell-Clear filters and cocultured with MT2 cells for 18 h were fixed in 2.5% glutaraldehyde-1% paraformaldehyde in 0.15 M (pH 7.2) cacodylate buffer complemented with 5 mM MgCl 2 , 5 mM CaCl 2 , and 0.1 M sucrose. The filters were washed in cacodylate buffer and postfixed for 1 h at room temperature in 1% osmium tetroxide solution-1% potassium ferrocyanide. The cells were dehydrated in an ethanol gradient (from 25 to 100%) and embedded into epoxy resin at 60°C for 48 h. Ultrathin sections were cut on a Leica Ultracut UCT microtome. The sections were then examined in a JEOL 1200 EX electron microscope.
Fusion assay. Lymphocytes were incubated in RPMI medium with CellTracker Green CMFDA (Molecular Probes, Leiden, The Netherlands) at 0.5 M for 30 min at 37°C. Lymphoid cells were then washed with PBS and added to GPNT cells grown on Transwell-Clear filters at a 10:1 ratio. GPNT living cells were labeled before being cocultured with CellTracker Orange CMTMR at 0.6 M for 30 min at 37°C, thoroughly washed, and incubated with CMFDA-labeled lymphocytes for 1 h at 37°C. The filters were mounted in Mowiol, and fluorescence was analyzed by laser confocal microscopy. Cytoplasmic mixing of dyes was evidenced by the colocalization of both fluorochromes within the same cell. Bright-field images were used to eliminate false overlaying positives. In another set of experiments, lymphoid cells were preincubated for 30 min with a 1:50 dilution of serum from an HTLV-1-infected patient (kindly provided by C. Pique, INSERM U332) before being added to unlabeled GPNT cells. The cells were processed as described above, but all cells were stained with 4Ј,6-diamidino-2-phenylindole (DAPI) before being mounted. Normal human serum was used as negative control.
HTLV-1 infection of brain endothelial cells. Chronically infected and uninfected lymphocytes were irradiated at 10,000 rads. GPNT cell monolayers were cocultivated overnight at 37°C with the irradiated lymphoid cells at a 1:10 ratio. Endothelial cell cultures were then maintained in normal culture medium for the indicated periods. Cells and aliquots of culture medium were collected to detect proviral DNA, HTLV-1 mRNA, and viral proteins. HTLV-1 p19 was detected in culture media using the HTLV p19 antigen ELISA (Cellular Products, New York, N.Y.).
PCR and RT-PCR amplifications. Simultaneous isolation of DNA and RNA from the same sample was performed using TRI-Reagent (Molecular Research Center). Amplified products were detected by Southern blot hybridization with a 3Ј-end [
32 P]dATP-terminal transferase-labeled specific oligonucleotide probe located inside the amplified fragments. A tax DNA fragment of 340 bp (Seiki ATK1 sequence 7432 to 7772) (39) was amplified by PCR (35 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 30 s). To detect the expression of spliced HTLV-1 tax mRNA, total RNA (10 to 20 g) was prepared. cDNA was synthesized from 10 g of RNA by incubation with avian myeloblastosis virus reverse transcriptase (RT) with hexamers. Amplification was performed for 35 cycles with Taq DNA polymerase in 100 l of standard buffer, with 250 to 500 ng of cDNA. The reaction amplified a 217-bp fragment from positions 5098 (5Ј of tax splice donor site) to 7438 (39) . Amplification with murine glyceraldehyde-3-phosphate dehydrogenase-specific primers (sense, 5ЈTCCCTCAAGATTGTCA GCAA3Ј; antisense, 5ЈAGATCCACAACGGATACATT3Ј) to verify the efficacy of reverse transcription and with human cyclophilin-specific primers (sense, 5ЈAGCACTGGAGAGAAAGGATT3Ј; antisense, 5ЈGGAGGGAACAAGGA AAACAT3Ј) to determine the absence of contamination of endothelial cultures with human lymphocytes was also performed as described above.
Statistical analysis. The results are expressed as the means Ϯ standard errors of the mean and significant differences between groups were determined by Student's t-test. In all cases, significance levels were set as follows: ‫,ء‬ P Ͻ 0.05; ‫,ء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001.
RESULTS
HTLV-1-infected lymphocytes show an enhanced adhesion to and migration through brain endothelial monolayers.
One of the hallmarks in HTLV-1-associated neuropathology is the important perivascular infiltration into the cerebral parenchyma. We therefore investigated HTLV-1-infected lymphocyte adhesion to and migration through GPNT cell monolayers. Following a 1-h coincubation, the percentage of lymphoid cells adhering to unstimulated endothelial cell cultures was five-and threefold higher for HTLV-1-infected MT2 and CH cells, respectively, than for noninfected CEM lymphocytes (Fig. 1A) . In addition, the degree of transendothelial migration across the endothelial barrier over 18 h was increased by 40% in HTLV-1-infected MT2 and CH lymphocytes compared to CEM cells (Fig. 1A) . Increased adhesion and migration were also observed with HTLV-1-infected lymphocytes compared to the lymphoid cell line MOLT-4 and to freshly isolated lymphocytes from a seronegative individual (data not shown).
Leukocyte firm adhesion is controlled mainly by the interaction of leukocyte integrins, such as LFA-1 and VLA-4, with their endothelial counterreceptors, ICAM-1 and VCAM-1, respectively. FACScan analysis revealed that LFA-1 expression was higher in MT2 and CH cells than in CEM cells (Fig. 1B) whereas, in contrast, the expression of VLA-4 was variable, with CH cells showing a decreased expression and MT2 cells showing a small increase compared to CEM cells (Fig. 1B) . In addition, GPNT cells constitutively expressed ICAM-1 but not VCAM-1, although the expression of both adhesion molecules could be upregulated following treatment with 100 U of TNF-␣ or IL-1␤ per ml for 24 h (Fig. 1C) . We then investigated the role of LFA-1/ICAM-1 and of VLA-4/VCAM-1 interactions in the increased adhesion of HTLV-1-infected lymphocytes to the GPNT brain endothelial cell line. Preincubation of lymphocytes with a monoclonal antibody specific for human LFA-1, but not with antibody specific for human VLA-4, partially inhibited lymphocyte adhesion to brain endothelial cells (Fig.  1D) . This inhibition was significant with HTLV-1-infected CH and MT2 cells (P Ͻ 0.05) but not with control CEM cells. However, when brain endothelial cells were preincubated with monoclonal antibodies specific for rat VCAM-1 or ICAM-1, no significant effects were observed (data not shown). These results demonstrate that increased LFA-1 expression in HTLV-1-infected lymphocytes contributes to their adherence to CNS endothelial cells, probably via interactions with adhesion molecules other than ICAM-1.
HTLV-1-infected lymphocytes increase brain endothelial permeability. The results of a typical permeability assay for FITC-dextran (70 kDa) using triplicate filters with or without GPNT and primary HUVEC monolayers are shown in Fig. 2A .
The clearance values for FITC-dextran (70 kDa) were much lower for GPNT cells than for HUVEC monolayers, indicating that GPNT cells constituted a more effective barrier for highmolecular-mass tracers than did peripheral endothelial cells. The permeability coefficient (P e ) for GPNT cells (P e ϭ [4.1 Ϯ 0.5] ϫ 10 Ϫ5 cm/min) was similar to values previously reported for brain endothelial cells in vitro (48) , indicating that GPNT cells may prove a valuable model of tight endothelium. We further investigated whether the increased adhesion and migration observed after coculture with HTLV-1-infected lymphocytes resulted in an increased brain endothelial permeability. The permeability coefficient of GPNT cell monolayers was not significantly different from that of GPNT cells exposed to CEM lymphocytes (P e ϭ [5.2 Ϯ 0.4] ϫ 10 Ϫ5 cm/min; P Ͼ 0.05) (Fig. 2B) . However, coculture with infected MT2 lymphocytes resulted in a significant increase in the permeability of GPNT cell monolayers (P e ϭ [9.0 Ϯ 0.8] ϫ 10 Ϫ5 cm/min) compared to GPNT cells alone (P Ͻ 0.001) or to GPNT cells exposed to CEM lymphocytes (P Ͻ 0.01). These data suggest that in vivo HTLV-1-infected lymphocytes may induce a loss of barrier function, thus favoring the migration of lymphocytes across the brain endothelium.
Coculture with brain endothelial cells increases TNF-␣ secretion by HTLV-1-infected lymphocytes. We further tested whether the production of two cytokines with known effects on BBB permeability, TNF-␣ and IL-1␤, was upregulated in HTLV-1-infected lymphocytes either in single culture or in coculture with brain endothelial cells (Table 1) . TNF-␣ was highly secreted by HTLV-1-infected lymphocytes, as previously reported (26) , although no expression of IL-1␤ was observed in either HTLV-1-infected or uninfected lymphocytes. In addition, coincubation of HTLV-1-infected lymphocytes, but not control lymphocytes, with GPNT cells for 18 h induced a twofold increase in TNF-␣ but not IL-1␤ release into the culture medium. These results suggest that TNF-␣ may contribute to the adhesion and permeability changes induced by HTLV-1-infected lymphocytes.
HTLV-1 particles are internalized by brain endothelial cells. Ultrastructural analysis of GPNT cells in coculture with CEM cells showed an endothelial morphology similar to that of single cultures of both primary and immortalized rat brain endothelial cells, characterized by confluent monolayers of contact-inhibited, closely opposed fusiform cells (Fig. 3A) . Occasionally, a few scattered CEM lymphocytic cells were ob- served adhering to the endothelial monolayer (results not shown). By contrast, large numbers of HTLV-1-infected lymphocytes were detected in close contact with GPNT cells (Fig.  3B and C) . Morphological changes induced by MT2 cells in GPNT cells included (i) an apparent increase in the number of vesicular structures on the endothelial membrane (Fig. 3B , E and F) and (ii) a disruption of the endothelial monolayer integrity, characterized by a decrease in the number of submembranous densities at focal points between endothelial cells and by retraction of these focal points (Fig. 3C) . In addition, an extensive release of HTLV-1 virions polarized toward the endothelium was observed in the areas of contact between lymphocytes and endothelial cells (Fig. 3B) . GPNT cells also exhibited pseudopod-like protrusions, characteristic of reactive endothelium, directed toward virus released from lymphocytes ( Fig. 3B to D) . These pseudopods were associated with vesicular structures that had apparently internalized HTLV-1 particles ( Fig. 3E and F) . Occasionally, viral particles were observed in close association with vesicular structures fused with the basolateral membrane of GPNT cells, suggesting the occurrence of virus release into the basolateral medium ( Fig. 3G and H). Transendothelial migration of HTLV-1-infected lymphocytes and/or free viral particles could also be observed within the filter pores (Fig. 3G) . Taken together, these results suggest that HTLV-1 particles may be endocytosed by endothelial cells, which may ultimately lead to transcytosis, constituting another pathway of viral entry into the CNS.
HTLV-1-infected lymphocytes fuse with brain endothelial cells. To determine whether GPNT cells are permissive to HTLV-1 infection, monolayers of endothelial cells were cocultured with HTLV-1-producing cells and the fusiogenic potential of HTLV-1-infected lymphocytes was investigated. In a first set of experiments, lymphoid cells were labeled with a green dye (CMFDA) whereas endothelial cells were labeled with an orange dye (CMTR). As shown in Fig. 4A , cell fusion occurred 1 h after the onset of cell-cell contact, as indicated by the transfer of green CMFDA probe of round MT2 cells to fusiform GPNT cells. Some lymphoid cells also showed an irregular distribution of green fluorescence directed toward an endothelial cell, suggesting the onset of cell-cell fusion (results not shown). This phenomenon was also observed with CH HTLV-1-infected lymphocytes (Fig. 4B) , as was the transfer of green dye to endothelial cells (results not shown). The percentage of lymphoid cells that had transferred green fluorescence to endothelial cells was approximately 5 and 1% for MT2 and CH cells, respectively. By contrast, no transfer of green fluorescence was observed with CEM cells, used as negative controls (Fig. 4C) . These results indicate that cell fusion induced by HTLV-1 is not a property restricted to cell lines chronically infected by HTLV-1 laboratory isolates but could also occur with lymphocytes infected by HTLV-1 primary isolates. We also investigated the effect of a neutralizing antiserum from an HTLV-1-infected patient containing antibodies to HTLV-1 envelope in cell-cell fusion. For these experiments, lymphoid cells were labeled green (CMFDA) and all cells were then stained with DAPI to visualize the nucleus. As described above, a few endothelial cells labeled green were observed, indicating fusion between lymphocytes and endothelial cells (Fig. 4D ). Cell-cell fusion was markedly inhibited by preincubation with the serum from an HTLV-1-infected patient (Fig.  4E) , suggesting that the viral envelope is involved in this process. Normal human serum used at the same dilution did not inhibit cell fusion (results not shown).
HTLV-1 transiently infects brain endothelial cells. We investigated the susceptibility of GPNT cells to HTLV-1 infection by studying their capacity to produce viral RNA and proteins. GPNT cells were cocultivated with irradiated lymphocytes (MT2, CH, or CEM cells). The irradiation dose was lethal for these cells, as confirmed by trypan blue staining, which indicated that 100% of the cells were dead by day 8 postirradiation. Furthermore, culture medium containing puromycin selected resistant endothelial cells and induced lymphocyte cell death within 24 h (not shown). HTLV-1 tax proviral sequences of 340 bp were identified (by PCR and Southern blot hybridization) in endothelial cells exposed to irradiated MT2 and CH lymphocytes up to 60 days postinfection (Fig. 5A) . RT-PCR amplification was performed to detect the expression of spliced tax mRNA at different times postinfection. This reaction amplified a 217-bp fragment of cDNA in GPNT cells cocultivated with MT2 or CH irradiated lymphocytes up to 60 days postinfection (Fig. 5A) . No PCR or RT-PCR amplification was detected in cocultures with irradiated CEM cells at any time. The level of RT-PCR-amplified products for murine glyceraldehyde-3-phosphate dehydrogenase was similar for all samples, whereas no amplification for human cyclophilin was detected from 30 days postinfection (results not shown), indicating that no contamination of rat endothelial cultures with human lymphocytes occurred at these times. In addition, expression of viral antigen was detected in the culture media, using the HTLV p19 antigen ELISA, from 30 to 60 days following infection (Fig. 5B) . These results indicate that brain endothelial cells are susceptible to transient infection by HTLV-1.
DISCUSSION
The aim of the present study was to elucidate pathogenic mechanisms associated with the development of TSP/HAM and to investigate early events associated with infection of the CNS by HTLV-1. As in many CNS diseases, the pathology of TSP/HAM can only be studied postmortem, when the early events of the disease process may be masked by secondary rather than causally related events. Several studies have shown that injection of human HTLV-1-producing cell lines, such as MT2, induces TSP/HAM symptoms in rats, with neuropathological changes resembling those observed in humans. We therefore investigated the effects induced by cocultivation of HTLV-1-infected human T cells with a rat brain endothelial line displaying a stable phenotype highly reminiscent of BBB endothelium (32) .
In this study, we found several non-mutually exclusive mechanisms of viral entry into the CNS. First, adhesion of HTLV-1-infected T lymphocytes to unstimulated endothelial cells was strongly increased compared to that of non-HTLV-1-transformed T cells, leading to an enhanced migration across the endothelial barrier. Our results are in agreement with the observation that adhesion of T cells to spinal cord blood vessels is increased in TSP/HAM patients compared to noninfected patients (47) . Although the molecular mechanisms mediating adhesion of HTLV-1-infected T cells to CNS endothelium are still poorly understood, it has been suggested that cytokine production by HTLV-1-infected lymphocytes is involved in the activation of both lymphocytes and endothelium (25) . During inflammatory conditions of the CNS, ICAM-1 and VCAM-1 are upregulated on cerebral vessels and are central to lymphocyte adhesion and diapedesis (9, 31) . Many studies deal with the characterization of cell adhesion molecule expression in HTLV-1 infection, indicating the important role of these factors in the lymphocyte recruitment observed in the diseases linked to HTLV-1 infection (43, 46, 47) . In the present in vitro model, unstimulated rat brain endothelial cells constitutively express ICAM-1, while VCAM-1 expression is induced only following long-term cytokine stimulation. In addition, our results and those of others (14, 42) show that the expression of LFA-1 is increased in both HTLV-1-infected T-cell lines and freshly isolated T cells from TSP/HAM and adult T-cell leukemia patients while VLA4 expression is either unchanged or decreased. These observations would suggest that ICAM-1/ LFA-1 but not VCAM-1/VLA-4 are crucial for the early steps of adhesion of HTLV-1-infected lymphocytes to unstimulated brain endothelial cells, as recently shown for IL-2-activated antigen-specific T lymphocytes (31) . Our results showing the partial inhibition of adhesion by neutralization of LFA-1 demonstrate a role for this adhesion molecule in the initial adhesion step of HTLV-1-infected T cells to brain endothelium. However, no inhibitory effect was observed with an anti-ICAM-1 antibody, suggesting that LFA-1 may initially bind to other adhesion molecules, such as ICAM-2, in resting brain endothelial cells. Indeed, ICAM-2 is highly expressed by resting GPNT cells (unpublished results), and microvessels constitutively express large amounts of ICAM-2 in normal human brains (27) . In addition, other cell surface molecules may be involved in the adhesion of HTLV-1-infected lymphocytes to brain endothelium. These may include the recently identified pair OX40-gp34, whose neutralization by specific antibodies partially inhibited the adhesion of fresh leukemic cells from some, but not all, adult T-cell leukemia patients to non-brainderived endothelial cells (15) . However, the relative contribution of these adhesion molecules to the in vivo situation remains to be determined.
Active chronic CNS lesions in TSP/HAM patients are characterized by perivascular cuffs of inflammatory cells. In the present in vitro model, increased lymphocyte trafficking across the endothelial monolayer was observed with HTLV-1-infected cells following the initial increased adhesion to brain endothelium both at the electron microscopy level and in transendothelial migration assays. In addition, we report here for the first time an increased paracellular permeability in (44), suggest that BBB damage may be a pivotal event in the neuropathogenesis of TSP/HAM. The mechanisms by which HTLV-1 infection increases BBB permeability are unknown. It has been reported that HTLV-1-infected T-cell lines and freshly isolated T cells from TSP/ HAM patients produce numerous cytokines, such as TNF-␣, gamma interferon and granulocyte-macrophage colony-stimulating factor, due to the viral transcriptional activator Tax (26) . We have also shown that coculture with endothelial cells increases TNF-␣ production by activated HTLV-1-infected lymphocytes. Indeed, an increased mRNA expression and production of TNF-␣ has been observed in the spinal cord and the cerebrospinal fluid of TSP/HAM patients (29) . In addition to its role as a proinflammatory cytokine, TNF-␣ increases the paracellular permeability of the CNS endothelium (4), particularly in spinal cord microvessels (38) . Indeed, the concentrations of TNF-␣ in the culture medium following coculture of HTLV-1-infected lymphocytes and brain endothelial cells are similar to those previously reported to increase the permeability of an in vitro BBB model (3). It is thus possible that increased TNF-␣ production as a result of lymphocyte-endothelial cell interactions constitutes an aggravating factor leading to spinal cord disease, although the relative role of specific proinflammatory cytokines in HTLV-1-induced BBB dysfunction requires further investigation. A second pathway of viral entry into the brain may involve transcytosis of viral particles across the BBB. In support of this hypothesis, we observed that contact between brain endothelial cells and HTLV-1-infected lymphocytes resulted in a massive and rapid budding of virions. Generally, mature HTLV-1 particles are observed only in the extracellular space, because individual viral particles are assembled by budding at the cell surface. Viral particles appeared to be internalized by endothelial cells into vesicular structures that ultimately may release clusters of virions into the abluminal side by fusing with the basolateral membrane. Brain capillaries are surrounded by the perivascular end-feet of astrocytes, which might constitute another target of viral infection. Indeed, several studies have shown that astrocytes can be infected by HTLV-1 both in vivo and in vitro (23, 24, 28 ). An increased secretion of cytokines, such as granulocyte-macrophage colony-stimulating factor and TNF-␣, by HTLV-1-infected glial cells appears to be responsible for an increased expression of matrix metalloproteinases (MMPs) 3 and 9 and of tissue inhibitor of metalloproteinase 3 by these cells (6, 28, 37) . In addition, a recent study detected MMP-9 in the cerebrospinal fluid of HTLV-1-infected patients with TSP/HAM (7). The dysregulation of these enzymes and their inhibitors, which modulate the extracellular matrix, may also contribute to an increase in the permeability of the BBB and may be relevant to demyelination and to T-cell entry into the CNS.
HTLV-1 has only a poor ability to infect permissive cells, particularly when present as cell-free virus, whereas intracellular particles and viral RNA are transferred to target cells following effector cell-target cell fusion (45) . Our study demonstrates that after fusion with infected lymphocytes, rat brain endothelial cells are susceptible to HTLV-1 infection, suggesting a third pathway of viral entry into the CNS. The inhibition of cell-cell fusion by serum from an infected patient indicates that this process is virus dependent. Further evidence for fusion between HTLV-1-infected lymphocytes and brain endothelial cells comes from our experiments showing infection of GPNT cells for up to 2 months following coculture with irradiated MT2 cells. Although a variety of mammalian nonlymphoid cell lines are susceptible to HTLV-1 entry, only a limited number permit HTLV-1 replication. The GPNT cell line is nontumorigenic and retains a BBB phenotype, such as low permeability and expression of barrier markers (see Results) (32) . Two separate studies have shown that HTLV-1 can productively infect HUVEC (12, 13) , further supporting the concept of brain endothelial cells being permissive to HTLV-1 infection. In addition, a recent study of human skin lesions has shown that vascular endothelial cells are consistently infected by HTLV-1 (41) . The authors suggest that this aspect may be considered in the initial phase of several inflammatory processes associated with HTLV-1 infection. Our study supports the hypothesis that HTLV-1 can penetrate and replicate in CNS-specific endothelial cells. HTLV-1-infected endothelial cells may contribute locally to the inflammatory reaction, as evidenced by the increased secretion of IL-6 by tax-expressing brain endothelial cells (35) .
In conclusion, this study suggests that HTLV-1 may cross the endothelial barrier by several mechanisms, including (i) direct passage of infected lymphocytes after rupture of the monolayer integrity, (ii) endocytosis of viral particles leading to transcytosis, and (iii) infection of endothelial cells. These aspects may help understand the early pathogenic mechanisms of the neurological disease induced by HTLV-1 infection.
